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(54) Electroseismlc prospecting 

(57) In etectroseismic prospecting for detecting either the presence of two immiscible fluids present in a porous 
S«^n^ of a high-permeability rock formation including a substantially aqueous phase 

an acoustical wavefront (20) that results in an enhanced electromagnetic Signal (30) 
whTrt £^ of the above-described formations. This resulting | enhanced 

Hcta^ as an indication of a IKely hydrocarbon deposit, thereby giving ^'»^ 

fnfo^ data to the geophysical prospector. The seismic impactmay^ 

ZZTor inside a well penetrating the formation. The detector (16) may be a magnetc detector «"»£J^ . 
electrodes embedded in the earth's surface to detect a voltage due to the electromagnetic signal. The electrodes may be 
spaced apart at different depths in the well. 
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20'S.S.PIPE ELECTRODES 



ELECTROSEISMIC PROSPECTING 



This invention pertains to the acquisition of 
electroseismic data and more specifically to the acqui- 
sition of such data by the development and detection of 
electromagnetic waves* 

• 

Most seismic prospecting is accomplished by the 
development of acoustical waves from one or more seismic 
sources located at or near the earth's surface. These 
acoustic waves are known to be reflected by interfaces 
or discontinuities in the subterranean formations so as 
to be returned to the earth's surface to be detected by 
one or more appropriately positioned seismic or acous- 
tical detectors, normally geophones. It is known that 
some of the reflected waves are so-called shear waves 
(s -waves) and other of the reflected waves are so-called 
compressional waves (p-waves) , differing from each other 
in their respective angles of reflection and the acous- 
tical vibrational directions of the particles in the 
layered fcrr.atians through which the waves pass. 
Significantly, both wave types travel basically at the 
speed of sound and are attenuated by the formations 
through which they pass in the same manner as any ether 
sound waves in the same frequency range, which are in 
the low frequency range fcr relatively deep prospecting 
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since it is w 11 known that th higher frequencies are 
greatly attenuated by the formation media* 

Attempts have been made over the yeaxs to employ a 
scheme for seismic prospecting that used other phenomena 
than acoustical detection with geophones as just 
described. For example, as early as 1936, a procedure 
was patented by L.W. Blau, et al, U.S. Patent No. 
2,054,067 , that utilized resistance modulation near the 
earth's surface resulting from a seismic blast to cause 
a detectable electromagnetic response. Basically, the 
formations near the surface are stratified into layers 
having different densities. A seismic blast would cause 
each layer of its particular constituent structure to 
modulate in accordance with its density i.e., its 
porosity makeup. Thus, the detected electromagnetic 
field at a particular location, being proportional to 
the resistance modulation within the field, is an 
indication of how thick the respective layers of 
different densities are at that particular location. 
The technique described in the f 067 patent was not 
greatly commercialized, if at all, probably because it 
was useful only at shallow depths in the vicinity of the 
surface and not useful to any significant depth where 
the .majority of interest is in oil and gas prospecting. 
This early work by Blau et al was directed at the 
measurement of the seismically induced resistance 
modulation of the formation by passing an electrical 
current through {or applying a voltage to) the earth and 
then measuring the modulation of that current (or the 
modulation of the resulting voltage) ♦ As will be 
evident, this method is distinctively different from the 
procedure described hereirJbelow basically because no current 
is applied to the formation or earth surface. 

Another technique that has been employed with 
respect to the detection of certain mineral deposits 
utilizes a continuous wave seismic source that induces a 
voltage in the deposit due to the piezoelectric effect. 
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In such a case, the seismic wave distorts a 
piezoelectric formation like quartz, which then is 
polarized and emits an electromagnetic wave. No fluids 
are involved. Such techniques utilize relatively high 
frequencies and, therefore, are limited to a short 
penetration depth and, further, is useful in detecting 
only those limited kinds of deposits that exhibit a 
piezoelectric effect characteristic. 

One of the most interesting attempts to develop an 
alternate technique to the standard seismic acoustic 
technique is described in O.S. Patent No. 2,354,659, 
K.O. Bazhaw, et al, issued August 1, 1944. In accor- 
dance with this procedure, a seismic blast downward 
would encounter a layer of fluid in the subterranean 
formation located underneath a gas layer and cause the 
fluid to rapidly rise upward into the presumably porous 
gas layer. As the relatively slow settling of the fluid 
(oil and water) occurs, this slow downward fluid move- 
ment induces a current change in the path between two 
electrodes embedded in the earth's surface and connected 
to a suitable electronic amplifier and recorder. If no 
liquid is present, then there is no current change. If 
there is a liquid present, then there is a change 
depending on the respective parameters of the fluid and 
formation. Such change can be metered as a dc voltage 
for an appreciable period of time after the blast until 
equilibrium is reached. Although different from the 
Blau et al procedure, the technique involves a procedure 
useful at only very shallow depths and therefore has 
little, if any, practical commercial application. This 
is because (1) the dc voltage will not propagate as an 
electomagnectic wave and, therefore, is only useful at 
shallow depths and (2) very low frequencies, essentially 
dc, have very lone wave lengths, which means there is 
very poor depth resolution. It will be seen that by 
rcrtrast. the crccedure cescribci here Lr^c lev ret air. s 
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According to the Invention th r is provided a method of 
electros eismic prospecting for the detection of two immiscible 
fluids present in a common pore epace in a region of porous 
subterranean formation , or for the detection of a body of 
high— permeability rock located beneath the earth's surface that 
includes a substantially aqueous phase in the pore space of said 
rock, which method comprises 

initiating a seismic impact at a source location such that the 
acoustical vavefront therefrom encounters said region or 
said body (as the case may be) and produces an enhanced 
electromagnetic signal from said region or body 
travelling from said region or body at the speed of 
light, and 

detecting the enhanced electromagnetic signal as an indication 
of the existence of likely hydrocarbon deposits in the 
vicinity of said region or body. 
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Th basic physical process r quir d for 
electroseismic prospectxny or ESP when putting the present 
invention into effect is that seismic energy can be 
converted to electromagnetic energy of significant 
value. Although there are several possible theoretical 
conversion mechanisms that might cause the observed 
happening, such as resistance modulation, discussed 
above, spontaneous potentials and electrocapillarity , 
the mechanism that best explains the observations of 
applicant and is useful in utilizing the procedure 
herein described, is referred to as "streaming poten- 
tial* * This mode of conversion of seismic to 
electromagnetic energy appears to be the theory that is 
most effective in analyzing what occurs with fluid 
movement present in a porous lithological formation and 
is most pronounced when there is the presence of at 
least two immiscible fluids, such as oil and water or 
gas and water. The phenomenon also exists in the 
presence of a lithological structure of high permeabil- 
ity where there is pore water ± n the structure. 
Basically in accordance with this theory, there is a 
molecular chemical-bond attraction between the fluid and 
the porous surface of the solid formation, which bond is 
distorted or broken with the rapid movement of the fluid 
upon contact by an acoustical wavefront, thereby induc- 
ing in a dipole manner an electromagnetic response. 
M.A. Biot described the fluid movement accompanying a 
seisciic pressure gradient in papers published by the 
Journal of the Acoustical Society of America in 19 56 and 
1962, at page 168 of volume 28 and page 1254 of volume 
34, respectively. Others, such as J.O. Bockris and 
A.K.N. Reddy have experimented with the streaming 
potential and reported circa 1973 on their findings, but 
heretofore, the effect has not been utilized in 
electroseismic prospecting such as set forth her in. 

Therefore, the r^ihod disclosed fcereir. rr.av he r^j- intxr 
effect by utilizinc tr.f *' £ "re a^i r. 7 prter.^ial" effect ir. 
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electroseismic prospecting for inducing a detectabl 
electromagnetic field capable of directly revealing the 
presence of two immiscible fluids, such as an oil and 
water or gas and water or the presence of a fluid in the 
pore space of a high-permeability formation. 



Electroseismic prospecting is distinguishable from the 
operation of an electromagnetic geophone, which senses 
the presence of a reflected seismic or acoustical wave 
at the earth's surface. Although electromagnetic 
geophones were first investigated prior to 1950 , their 
operation did not lead to electroseismic prospecting. 

There is an essential distinction that can be made 
between ESP data and seismic data. Seismic data only 

reveal structural information related to the elastic 
contrast between two different lithological regions. No 
information is revealed about what kind of rock is 
present or what is in the pore space of the regions 
under investigation* On the other hand, ESP works where there 
is mobile, conducting water in the pore space of the formation under 
investigation or where irrr.isciMe fluids are present, for example 
a mixture of water and hydrocarbon. Therefore/ 
it is clear that ESP is not a special case of 
seismology , but is fundamentally different. The fact 
that ESP is sensitive to the type of pore fluid is the 
source of its usefulness. 

Therefore, the method disclosed herein is capable of 
derec^ir.g m ar. irxrcved manner the presence 

of r.obile, conducting water in the pore space of a 
lithological formation under investigation or the 
presence of a mixture of water and hydrocarbon. 

The technique described herein is for the 
electroseisnic detection of the presence of two 
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immiscible fluids present in a porous subt rranean 
formation or the presence of water in the pore space of 
a high permeability formation. The procedure involves 
initiating a seismic impact, such as by dynamite explo- 
sion, thumping or the like in conventional fashion by 
one or more sources located at or near the earth's 
surface. Alternatively, the seismic source can be 
located in either a relatively shallow or even a deep 
(i.e- formation penetrating) well bore. The seismic or 
acoustical wavefront produced thereby progresses through 
the subterranean formation until it encounters the 
presence of one of the detectable formations described 
above. At such a formation, the fluid or fluids within 
the rock pore space will move significantly, thereby 
causing or inducing an electromagnetic response by the 
"streaming potential" effect. In the two- fluid case, 
fluids of significant volume will be rapidly displaced 
with respect to the porous rock formation, thereby 
creating an instantaneous predominantly vertical dipole 
in the conducting fluid component next to the solid 
surface. In the single conducting fluid case, fluid of 
significant volume will be rapidly displaced with 
respect to the porous rock formation, also creating an 
instantaneous, predominantly vertical dipole where the 
conducting fluid is attracted to the solid. The 
electromagnetic radiation that emanates from this dipole 
is effectively a wave that transmits through the subter- 
ranean formation back to the earth's surface at the 
speed of light through the lithological material between 
the point of reflection and the point of detection. 

At the surface, a suitable detector responds to the 
electromagnetic field. Suitable detectors are prin- 
cipally electronic detectors although magnetic sensors 
could also be used. It has been discovered that the 
most simple and most sensitive sensor is in the form of 
two rod-like electrodes spaced apart at a distance of 
about: 15-2000 feet or 4,6-610 meters, the rods being 
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driven into the arth's surface to an ad quate depth to 
be embedded into the first water table beneath the 
surface. The actual separation depends on (1) elec- 
trical noise generated at the electrode contact with the 
ground, (2) environmental noise, (3) signal strength, 
and (4) depth of the formation of interest. The field 
induces a measurable potential difference or voltage, 
which is detectable and amplified and eventually record- 
ed in standard fashion* 



Tiie invention will be better understood by referring, by 
way of example, to the acompanying drawings, in which:- 



Fig. 1 is a cross sectional view of a typical 
procedural arrangement of components illustrating a 
preferred wav of performing the invention. 

Fig, 2 is a partial cross-sectxonax view of a 
porous formation suitable for electromagnetic excitation 
by a selszSc wave front, illustration the "streaming potential" 
effe". 

Fic 4 3 is a schematic representation cf another 
cref^rrfi arrangeaent wherein the source is 1 rested near the bottor. 
of a relative Lv shallow well bore. 
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Fig* 4 is a schematic representation of the tub 
wavefront moving up a well bore from a sourcing event 
and the electromagnetic responses that occur therefrom. 

Fig* 5 is a visual representation of field recorded 
electromagnectic data resulting from a physical 
arrangement of components as shown in Fig* 4. 

Fig. 6 is a simplified electrical diagram of a 
suitable electromagnetic detector for use in a preferred 
way cf performing the present invention. 

Now referring to the drawings and first to Pig. 1, 
a typical preferred arrancrement for use in performing the present 
inver.-ii.on is illustrated. A source 1« is located at or near the 
earth's surface, which can also be within a shallow well 
bore 12. Spaced apart from the source are detectors 
suitable for detecting seismic reflections. These 
include a geophone array comprised of geophones 14A-F 
for detecting the normal acoustic reflections well-known 
in the prior art and a suitable electroseismic detector 
16, more completely described herein. Both the geophone 
detector array and the electroseismic detector can be 
connected to a recorder located in a recorder van 18. 

Source 10 can be a single dynamite source, an 
acoustical * thumper" or a more complex source, as 
desired* Generally, however, when it is activated, 
seisnic or acoustical energy emanates therefrom as 
seismic wave 20 through the subterranean lithology 
beneath the source location. For purposes of dis- 
cussion, there exists in Fig. 1 an area of the formation 
where a gas layer is in contact with a water layer* The 
interface between these two layers is identified in the 
drawing with reference numeral 22. The formation where 
these two immiscible fluids exist is the formation that 
is detectable in accordance with the procedure described 
herei.-.. A segment 24 of this detectable 

f oration is shown in an exploded view. For 
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convenience, this segment: of the formation is 
illustrated as a three-dimensional cub . 

The formation itself is porous, as is more clearly 
illustrated in Fig. 2. That is, there are solid rock 
portions 23 interspersed throughout with channel-like 
pore spaces 25 . Because gas and water do not mix, the 
water settles and fills spaces 25 below interface line 
22 and gas fills spaces 25 above that line. Where water 
exists, there is an electrochemical bond between the 
water, the heavier of the gas and water fluids, and the 
solid rock portions 23. This is shown by the 
symbols in the fluid portion and the symbols in the 

solid portion of the formation. 

The sign of the electric field or field polarity 
direction depends on the surface charge on the solid and 
the way the fluid screens out that charge* In clays, 
the charge is typically as shown in Fig. 2. However, in 
carbonates r the charge could well be reversed, i.e., 
with the *+" charge on the solid. 

When an acoustical seismic wave 20 impacts the 
formation in the illustrated region of the formation, 
there is a pressure gradient established at depth Pj and 
depth P 2 that pushes down on the water, starting at the 
water surface, and which passes downward through the 
fluid in a substantially vertical direction, causing the 
fluid to move downward. This is illustrated by flowing 
pore fluid arrows, 26 shown in Fig. 1. It will be seen 
that this downward movement has the effect of separating 
the electrochemical bonds, thereby effectively 
establishing a substantially vertical dipole where the 
bonds are distorted or broken. This dipole is not just 
in the area near the water surface or interface 22, but 
throughout the depth of the formation where the 
lithology illustrated exists. Thus, a vertical electric 
field 28 is induced in an upward vertical direction at 
the point of impact having a force or strength of 
significant value. The polarity of this field is 
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n gativ -to-positive in a progressively upward 
direction, in the example of Fig* 1. 

As described above , usually the first arrival of 
the seismic wave will displace the fluid downward. 
However, as is described hereinafter with respect to the 
example of Fig. 4, the first arrival could correspond to 
upward movement. Also, after the first arrival, the 
fluid relaxes and moves in the opposite direction. 
However, generally the fluid moves in the direction of 
the pressure gradient, which is contrary to the teaching 
of Bazhaw in U.S. Patent No, 2,354,659. 

It is apparent that electric field 28 is generated 
when the pores above line 22 are either filled with a 
g as or when these pores contain a mixture of gas or liquid. 
When there are two liquids, such as oil and 

water, the rate of downward movement of the two fluids 
is similar, but only the conducting liquid movement 
generates an electric field so that at the line where 
the two fluids meet, a discontinuity in the electric 
field will occur* 

Electric field 28 produces a corresponding 
electromagnetic wave 30 that emanates away from the 
impacted region just described. An electromagnetic 
wave, unlike a reflecting acoustic wave, travels, at the 
speed of light with respect to the existing lithological 
formation. Of course, if there is a conventional 
seismic reflecting boundary, acoustical reflections will 
occur and will be detected by the geophone array, also 
in conventional fashion. The detection of the 
electromagnetic wave, however, will only occur whenever there 
is fluid in a pore us fcr^aricr. of high perne ability 
substance or when there are two immiscible fluids in a 
formation. 

When there are tve fluids present, both fluids move 
at approximately the same speed. The importance of two 
fluids is soir.evhet subtle and the recognition of what 
effects this has has not been perceived heretofore sc 
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that th cci ntific adv ncem nt herein described is only 
now possible. When there is a boundary between two 
fluids (e.g., a gas-water contact), the boundary is a 
plane at which seismic energy is reflected, and part of 
that energy is converted to fluid motion. The ESP 
signal is large because of this seismic-energy conver- 
sion. 

When there are two fluids in the same pore struc- 
ture (i.e., droplets of oil in water or bubbles of gas 
in water) , any fluid motion leads to a large electrical 
field because the distortion of the droplet or bubble 
shape contributes to the electrical field. This is the 
"electrocapillary** effect previously mentioned. Like 
the streaming potential, the electrocapillary effect has 
been known in electrochemistry for many years, but its 
importance for ESP has not been recognized. 

Now referring to Fig. 3, an alternate placement of 
a source 10 is shown, which is illustrated in a well 
bore and at a distance near the bottom of a 500 foot 
(152-4 meter) well. This location is below gas /water 
line 22. A geophone 14 located near the opening of the 
well bore at the earth's surface will detect the acous- 
tic wave form caused by activation of the source. The 
acoustic wave moving up the well bore is referred to as 
a "tube" wave. The acoustic wave impacting on the 
region defined by line 22 will produce an 
electromagnetic response as previously described and is 
detectable by a suitable detector 16. 

As more completely shown in Fig. 4, several con- 
ditions can exist in the well bore and in the lithology 
near the well bore that result in an electromagnetic 
response and are detectable in the manner shown in Fic. 
3. An lectrical response graphical representation 
resulting from the effects of the physical arrangement 
of Fig. 4 is shown in Fig. 5. At position 50, it is 
assumed that there is aqueous saline liquid in a 
high-permeability formation. The impact of the 
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acoustic pressure from the s israic s urce 50 will result 
in an outwardly directed fluid movement at that point, 
which translates into a detectable electromagnetic 
response . 

At line 52, there is a gas strata, that is likewise 
excited by the impact of the acoustical p-wave. Again, 
there is an electromagnetic wave response thereto, which 
is detectable at the surface. 

At point 54, the surface of the fluid in the well 
bore is reached by the tube wave and again produces an 
outward response into the formation that results in 
electromagnetic responses at lines 56 and 58 (respectively denoting 
the top surfaces of respective water tablep) similar to line 22, where 
two immiscible fluids meet. By monitoring both the acoustic waves and 
the electromagnetic waves , it is possible to determine what has occurred 
at each level, it should be remembered that the acoustic 
waves travel at the speed of sound and the 
electromagnetic waves travel at the speed of light, 
making it readily apparent when there has been an 
electromagnetic response to an acoustical wavefront. 
Thus, the electromagnetic detection of the source at the 
mouth of the well bore is shown by vertical line 51 in 
Fig. 5, the line being vertical since the elec- 
tro-magnetic wave moves up the well bore at the speed of 
light. Line 53 in Fig. 5 is the electromagnetic 
response to the ESF signal generated when an acoustic 
tube wave travels downward in the well, impacts the well 
bottom, and causes a downward flow of fluid in the 
formation. 

The electromagnetic responses to fluid surface 54 
is shown by line 55; to formation 56 by line 57? to 
formation 56 by line 59; and to gas strata line 52 by 
line 61 on Fig, 5, In the example xper intent that 
created the response shown in Fig. 5, the seismic source 
in the well was a plastic explosive of IS grams weight. 
The typical signal response of Fig- 5 caused a voltage 
of several tens of microvolts to occur across th 
ar.tenna, which vas 15 feet (4.6 meters) lone. 
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The lln s drawn on Fig. 5 ar helpful in inter- 
pretation since their slopes are a measure of the 
seismic velocity. As indicated in the figure, lines 53, 
55, 57 and 59 are associated with tube waves in the well 
bore. It is well-known that tube waves in a formation 
as shown in the example have a velocity of 4500 feet per 
second (1372 meters per second). In contrast, line 61 
corresponds to seismic progagation in the formation 
surrounding the well bore, where it is well-known that 
the characteristic compress ional wave velocity is 5700 
feet per second (1738 meters per second). Line 61 has a 
slope of 5700 feet per second (1738 meters per second) • 

Fig. 6 illustrates a simple arrangement for 
electromagnetic detection. It will be noted that a 
detector can easily be made by spaced apart stainless 
steel pipe electrodes 60 and 62, preferably driven to a 
depth to reach the water table. Other metal pipes such 
as copper or lead can also be used. In the drawing, it 
is assumed that the water table is at 15 feet (4.6 
meters), so electrodes that are 20 feet (6.1 meters) 
long are adequate. Detection is possible, however, with 
electrodes that are not driven into the water table. 
The two electrodes are located typically between 15-2000 
feet (4.6-610 meters) apart. The two electrodes are 
connected, optionally in series with a battery through a 
primary coil 64 of a transformer, A secondary coil 66 
coupled thereto is connected through suitable notch 
filters for removing stray pickup frequencies to ampli- 
fier 70. For example, if there is a power line nearby, 
a notch filter at 60 Hertz is desirable. The amplifier 
can be connected to a display 71 , a recording computer 
72 or the like, as desired. This equipment is normally 
located in a nearby van or other suitable shelter* 
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Although, for example, only one type of 
electromagnetic detector 16 shown, any suitable elec- 
trical or magnetic detector capable of detecting the 
electromagnetic waves that are created as discussed 
herein can be employed. Also, a source can be located 
at a deep level where it is within the region where 
electromagnetic excitation occurs as herein described. 



CLAIMS: 



1* A method of electr seismic prospecting for the detection f tvo 
immiscible fluids present in a common pore space in a region of* porous 
subterranean formation, or for the detection of a body of 
high-permeability rock located beneath the earth's surface that includes 
a substantially aqueous phase in the pore space of said rock, which 
method comprises 

initiating a seismic impact at a source location such that the 
acoustical wavefront therefrom encounters said region or 

said body (as the case may be) and produces an enhanced 
electromagnetic signal from said region or body travelling 
from said region or body at the speed of light, and 
detecting the enhanced electromagnetic signal as an indication of 
the existence of likely hydrocarbon deposits in the vicinity 
of said region or body. 

2. A method of electroselsmic prospecting in accordance with claim 1* 
wherein the seismic impact is Initiated at or near the earth's surface* 

3. A method of electroselsmic prospecting in accordance with claim 1, 
wherein the seismic impact is initiated at a down-hole location from 
inside a well penetrating said region or body. 

4. A method of electroselsmic prospecting in accordance with any 
preceding claim, wherein the frequency of the seismic impact is in a 
range approximately between 1-500 Hertz and the frequency of the 
electromagnetic signal is in a range approximately comparably between 
1-500 Hertz - 

5. A method of electroselsmic prospecting in accordance with any 
pr ceding claim, wherein the frequency of the seismic impact is ir. a 
range approximately between 1-100 Hertz and the frequency of the 
electromagnetic signal is in a range approximately comparably between 
1-100 Hertz. 

6. A meti-od of electroselsmic prospecting in accordance with any 
preceding claim, wherein the electromagnetic signal is magnetically 
detected. 



7. A ■ thod of lectroseismic prospecting In accordanc with any ne 
of claims X to 5, wherein the eleptr magnetic signal Is electrically 
detected using two electrodes embedded in the earth's surface and the 
voltage therebetween Is detected as the electromagnetic signal wavef ront 
encounters the respective electrodes. 

B. A method of electros elsmic prospecting In accordance with claim 7, 
wherein the electrodes are embedded to a depth that penetrates into the 
first water table existing beneath the earth's surface. 

9. A method of electros elsmic prospecting in accordance with any one 
f claims 1 to 5, wherein the electromagnetic signal Is electrically 

detected using two electrodes spaced apart at different depths in a well 
bore, each of said electrodes penetrating the earth's lithological 
formation adjacent said well bore. 

10. A method of electroseismic prospecting substantially as hereinbefore 
described with reference to Figures 1, 2 and 6 or Figures 3 to 6 of the 
accompanying drawings. 
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